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Regulated neurite tension as a mechanism for determination of
neuronal arbor geometries in vivo
Barry G. Condron* and Kai Zinn
Transection and displacement experiments on isolated
neurons in culture have shown that their neurites are
under tension [1,2]. Such tensile forces might be
important in determining the structures of neuronal
arbors in vivo [1]. It has also been proposed that
tension mechanisms generate the global folding
patterns of the brain [3]. It has been difficult to
determine whether tension is important in vivo,
however, because most neuronal arbors have complex
three-dimensional structures that cannot be perturbed
in a controlled manner. Here we describe a situation in
which tension can be demonstrated and perturbed in an
intact central nervous system (CNS). In the embryonic
CNS neuropil of the grasshopper Schistocerca
americana, the axon of a local serotonergic interneuron
known as s1 [4] forms a characteristic bifurcation. The
geometry of this bifurcation node is highly conserved
between embryos and held constant during
development. Current models for the development of
such geometries usually propose that they are created
and maintained by neurite adhesion to localized
substrates. Here we show that the structure of the s1
bifurcation node is likely to be determined by balanced
tension between three fixed points. This was revealed
by selectively transecting each of the branches that
intersect at the node. Transections are followed by a
rapid restructuring (‘snapping’) of the node geometry. 
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Results and discussion
The growth cone of the s1 axon bifurcates into two
branches as it enters the target neuropil. At 50% of devel-
opment (Figure 1a), the two s1 growth cones are still
extending towards targets at the edges of the neuropil. By
55% of development (Figure 1b), the growth cones have
reached these targets (unpublished results) and do not
extend further. The neuropil expands greatly during the
remainder of development, and the lengths of the primary
s1 axon branches consequently increase. The structure of
the bifurcation node, however, remains remarkably con-
stant (Figure 1c,d).
We measured the three angles about the bifurcation node
in 158 s1 neurons from 50%–70% of development. The
size distributions for each of the three angles are tightly
clustered and differ from each other (Figure 2). Most
current models for the creation of such neuronal geome-
tries would explain the conservation of these angles by
invoking localized substrates that define the trajectories of
the three branches. If such a mechanism operated here, it
would require that the substrates maintain precise struc-
tures during a long period in which the entire neuropil
expands and changes shape. Here we propose that the
geometry of the node is instead determined by a tension-
driven mechanism that does not require localized sub-
strates. In our model, the three branch ends are localized to
conserved positions and tension is maintained in the con-
necting neurites. The structure of the bifurcation node is
determined by balanced tension between three fixed
points (analogous to three stretched rubber bands linked
together at a central vertex and attached to a surface by
their outer ends). The main axon is fixed in position at the
edge of the posterior commissure. The growth cones of the
two primary branches extend to specific positions at the
edges of the neuropil and remain fixed at these sites during
the remainder of development (unpublished results).
If the main s1 axon and the two primary branches are under
regulated tension, transecting any one of the three neurites
(cutting one rubber band in the above analogy) should
result in a release of tension on one side of the bifurcation
node, and this release would be followed by a restructuring
of the geometry around the node. To test this hypothesis,
we made small cuts in the neuropil with a microneedle and
incubated the intact CNS for short periods of time. In most
experiments, the cuts were invisible when examined using
a marker that recognizes all axons (Figure 5a,b). Transec-
tions of the s1 branches, however, were easily visualized by
staining with anti-serotonin antibodies (Figures 3,5b).
Using this blind cutting method, many control transections
were generated near the s1 branches, and we found that
even large cuts did not affect the node geometry if they did
not sever s1 branches (Figure 5c). These data indicate that
if a defined substrate exists in the neuropil around the
node, it cannot be restructured by cutting. Complete tran-
section of the posterior commissure, which cuts the main s1
axon, also did not affect s1 geometry or development, and
the severed distal processes continued to develop in a
normal manner and form secondary branches for at least
24 h (Figure 3e). In contrast to these results, we found that
when any of the three s1 branches around the primary
bifurcation node were transected, dramatic changes in the
geometry of the node were observed. These changes
suggest that all three branches are under regulated tension.
Transection of the main axon between its exit from the
posterior commissure and the bifurcation node resulted in a
rapid restructuring of the severed distal process, which we
term snapping (Figures 3b,4a; n = 19). Snapping is likely to
be caused by the release of mechanical tension exerted by
the main axon, followed by widening of the angle between
the primary branches in response to the tensile forces
directed toward the remaining two fixed points in the
system, which are defined by the ends of these branches.
Restructuring of the node geometry could be seen within
15 min (Figures 3a,4a), and was largely complete by 2 h
(Figures 3b,4a; compare Figure 1b,c). During this time
period, the average angle between the primary branches
(angle 2) widened from 106° to 156° (Figure 4a). The nor-
mally straight secondary branches on the opposite side
from the cut often developed a buckled or curled appear-
ance shortly after transection (+, Figure 3a), suggesting that
they had become slack. These secondary branches subse-
quently straightened, and the restructured geometry of the
node was stable for at least 24 h in culture (data not shown).
The widening of the angle connecting the primary
branches in response to transection of the main axon did
not occur if the severed distal process sprouted a new
growth cone. Such sprouting was not seen under normal
conditions (Figure 3b), but we found that it could be
induced by adding an extract of damaged grasshopper CNS
to the incubation medium (Figure 3f). The extract appar-
ently contains an unknown factor that favors formation of a
new growth cone at the severed end of the distal process.
Adhesion of this growth cone to the neuropilar substrate
might re-establish the tension normally exerted by the
main axon, preventing the restructuring of geometry nor-
mally seen after main axon transection.
It was more difficult to obtain transections of the primary
branches, but a limited number were successfully gener-
ated. We found that cuts which sever either primary branch
also resulted in snapping. In each case, the angle opposite
to the transection widened (Figure 3c,d; n = 5). Transec-
tions of the lower branch immediately distal to the node,
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Figure 1
The geometry of the s1 primary bifurcation node is conserved
throughout development. Serotonergic fibers were visualized with HRP
immunohistochemistry using anti-serotonin antibodies. The s1 growth
cone extends across the midline in the posterior commissure, then
diverges from the process of the s2 serotonergic intersegmental
interneuron. (a) By 50% of development, it has bifurcated to form the
primary node (arrow). (b) Over the next 48 h (5% of development per
24 h), an irregular pattern of secondary branches forms on the lower
primary (extending to the left in). (c) These are later refined to a
characteristic four-branch pattern. (d) In the adult, the entire neuropil is
innervated by secondary and tertiary branches. The geometry of the
node (arrow) is maintained from 50%–100% of development. Scale
bar, 10 µm.
Figure 2
Conservation of the three angles about the s1 bifurcation node. The
branch trajectories leading from 158 nodes at 50–70% of
development were digitized and modeled as straight lines using linear
regression. The three angles were determined, and the distributions
are shown. A cartoon of s1 geometry is also shown, with the posterior
commissure and main axon to the lower right, the lower primary to the
left, and the upper primary to the upper right (compare Figure 1).
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although they induced snapping of the angle between the
main axon and upper branch, did not dramatically alter the
characteristic geometry of the severed lower branch (Figure
3c). The secondary branches on the isolated process
retained their stable four-branch pattern and did not buckle
(compare Figure 3c to Figures 1c and 3a). This is consistent
with the expectation that, in contrast to main axon transec-
tion, cutting the lower primary branch would not change
tension along its secondary branch axis (vertical in Figure
3a). Thus, the restructuring of lower branch geometry that
occurs when the main axon is cut (e.g. Figure 3b) is appar-
ently not a consequence of the transection process itself. If
it were, a similar restructuring would be expected to occur
when the lower branch is cut distal to the node. Our results
suggest that tension exists along the s1 branches prior to
transection, and that restructuring after transection is
limited to processes that remain under net tension due to
their continued attachment to two fixed points.
The conserved angles about the bifurcation node are main-
tained during two different phases of neurite growth.
During extension of the primary branches toward the edges
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Figure 3
The primary s1 branches are under tension. (a) Transection of the
main axon (*) between the posterior commissure and the bifurcation
node (arrow) results in an increase in the angle between the two
primary branches (angle 2 in Figure 2) by 15 min after cutting. A
secondary branch opposite to the cut has buckled (+). (b) After 120
min, the two neurites form an almost straight line. Severing either the
(c) lower or (d) upper primary branches also results in restructuring at
the node. The isolated primary in (c) has an unaltered structure
(compare Figure 1c), showing that the cutting process itself does not
induce axonal shortening. Note the kink in the primary branch
between the two mismatched secondary branches (+). (e) Large cuts
across the posterior commissure, which sever the s1 axons, have no
effect upon the geometry and normal secondary branch patterning
after overnight incubations. (f) In the presence of conditioned medium
that had been incubated with damaged grasshopper CNS, sprouting
occurs on all parts of the severed s1 process including the stump (*)
by 2 h after transection, and no change in node geometry is observed.
Scale as in Figure 1.
Figure 4
The angle between the two primary branches at the s1 bifurcation
node changes in a progressive manner after transection of the main
axon. (a) Time course of snapping, as measured by angle 2 widening.
Embryos were allowed to develop for the indicated times after main
axon transection, and angle 2 was measured after staining as
described in Figure 2 legend. (b) Schematic diagram showing how the
node geometry changes during the snapping process. The predicted
tensile forces exerted on the s1 node are indicated by arrows.
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of the neuropil, tension is likely to be established by their
growth cones. After the primary growth cones reach the
fixed points at the edge of the neuropil, tension is main-
tained internally within the neurites. In a similar manner,
the growth cones and attachment points of the secondary s1
branches are also likely to create tension. Secondary
branches continue to develop throughout embryogenesis
(Figure 1). They normally form opposite to one another,
and this positioning may be important for maintenance of
the straight trajectories of the primary branches. In cases
where the positions of the secondary branches are mis-
matched, a kink in the primary branch is often observed (+,
Figures 1c,3c). The s1 secondary branches often have
smoothly curved shapes, again suggesting that they are
under tension [3] (Figure 1d). Such observations indicate
that regulated tension may be an important determinant of
the complex structure of the mature s1 arbor.
Other neuronal arbors in the grasshopper embryo (for
review see [5]) have secondary and tertiary branch pat-
terns similar to those of the s1 arbor, consistent with the
idea that these arbors are also under tension. Developing
neurite networks may regulate tension in response to sig-
naling interactions among neuronal processes and
between processes and the surrounding environment.
This would provide a general mechanism for establishing
the compact, yet extensively interconnected, neuronal
geometries that are seen in nature [3].
Materials and methods
Embryos between 50% and 60% of development were allowed to equili-
brate at room temperature and dissected from the egg in Schneider’s
medium [6]. Dissected ganglia were fixed by incubation in fresh 2%
formaldehyde in PBS on an agitator for 60 min at room temperature.
They were then transferred in a minimal volume to methanol and incu-
bated at –20°C for at least 1 h. Ganglia were washed once in PBT (1 ×
PBS, 1 mg ml–1 BSA, 0.1% Triton X-100) and incubated for 15 min at
room temperature, then taken up in 300µl PBT plus antibody and incu-
bated overnight at 4°C. For serotonin (5HT), anti-5HT polyclonal anti-
body (IncStar) was used at 1:1500. For neuronal staining, MAb 8B7
supernatants were used at 1:3. Secondary antibodies (Jackson
Immunoresearch) were used at 1:1000 in a 2 h incubation at room tem-
perature. For fluorescent staining, fluorescein or rhodamine isothio-
cyanate-conjugated secondary antibodies were used, after which ganglia
were first washed with 1 × PBS, then refixed in 2% fresh formaldehyde
for 10 min at room temperature, extensively washed in 1 × PBS, and
cleared in 70% glycerol and then 90% glycerol. Ganglia were mounted
and imaged with a BioRad 600 confocal microscope. For light
microscopy imaging, horseradish peroxidase-conjugated secondary anti-
bodies were used. Ganglia were first incubated in 5 mg ml–1 diaminoben-
zidine, and then developed in 0.1% H2O2. After clearing in 70% and
90% glycerol, ganglia were imaged with a Zeiss Axioplan microscope
using DIC optics. For angle measurements, images of immunohistochem-
ically stained s1 neurons were collected with a Pixera digital camera. The
three axon branches emanating from the node were traced with a mouse
and the coordinates digitized using a custom written C++ application.
Using least-squares linear regression, each axon trajectory was modeled
as a straight line and the angles between branches determined. The axon
trajectory between the node and the approximate midpoint of each
branch was used for the modeling. The angles were collated and statis-
tics determined using SchoolStat. For culturing, embryos between 50%
and 60% of development were allowed to equilibrate at room tempera-
ture and dissected from the egg in Schneider’s medium [6,7]. The intact
ventral nerve cord (containing the ganglia of segments T1–A6) was
removed from the embryo, placed in 200µl of medium and washed
twice. In order to prevent resprouting of the cut branches, it was neces-
sary to isolate the nerve cord and wash well.  To generate cuts, an
electro-sharpened tungsten needle was inserted by hand into the neu-
ropil of the left T2 segment only.
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Figure 5
Effects of transections on the structure of the
ganglionic neuropil in which the s1 bifurcation
node forms. Embryos were stained for
serotonin (red) and for all axons (green) 120
min after transection, and analyzed by
confocal microscopy. (a) Uncut embryo with.
normal s1 branching pattern. (b) Cut that
transected the s1 axon (*) alters node
geometry. This cut cannot be seen using the
general axonal marker. (c) A large cut (*) that
does not sever the s1 axon damages the
neuropil adjacent to the s1 node, but does not
affect node geometry. Scale as in Figure 1. 
